By providing accurate distance measurements between spin labels site-specifically attached to biomacromolecules, double electron-electron resonance (DEER) spectroscopy provides a unique tool to probe the structure and conformational changes in these molecules. Gd 3+ -tags present an important family of spin-labels for such purposes, as they feature high chemical stability and high sensitivity in high-field DEER measurements. The high sensitivity of the Gd 3+ ion is associated with its high spin (S=7/2) and small zero field splitting (ZFS), resulting in a narrow spectral width of its central transition at high fields. Under the conditions of short distances and exceptionally small ZFS, however, the weak coupling approximation, which is essential for straight-forward DEER data analysis, becomes invalid and the pseudo-secular terms of the dipolar Hamiltonian can no longer be ignored. This work further explores the effects of the pseudo-secular terms on Gd 3+ -Gd 3+ DEER measurements using a specifically designed ruler molecule; a rigid bis-Gd 3+ -DOTA model compound with an expected Gd 3+ -Gd 3+ distance of 2.35 nm and a very narrow central transition at W-band (95 GHz). We show that the DEER dipolar modulations are damped under the standard W-band DEER measurement conditions with a frequency separation, Dn, of 100 MHz between the pump and observe pulses. Consequently, the DEER spectrum deviates considerably from the expected Pake pattern. We show that the Pake doublet and associated dipolar modulations can be restored with the aid of a dual mode cavity by increasing Dn from 100 MHz to 1.09 GHz, allowing for a straightforward measurement of a Gd 3+ -Gd 3+ distance of 2.35 nm. The increase in Dn increases the contribution of the |-5/2>→|-3/2> and |-7/2>→|-5/2> transitions to the signal at the expense of the |-3/2 >→|-1/2> transition, thus minimizing the effect of the dipolar pseudo-secular terms and restoring the validity of the weak coupling approximation. We apply this approach to the A93C/N140C mutant of T4 lysozyme labeled with two different Gd 3+ tags
that have narrow central transitions and show that even for a distance of 4 nm there still is a significant (about two-fold) broadening that is removed by increasing Dn to about 636 MHz and 898 MHz.
Introduction
Since their introduction in 2007 1 , Gd 3+ tags have proven to be good alternatives to nitroxide spin labels for double electron-electron resonance (DEER) 2 distance measurements of biomolecules in frozen solutions at high microwave (MW) frequencies, such as W-band (95 GHz) and Q-Band (35 GHz). 1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The main motivation for their development is their high sensitivity, lack of orientation selection at high fields, which allows simple data analysis and straight-forward extraction of the distance distribution from the DEER data, and, importantly, their chemical stability in the reducing environment of cellular cytosols, which renders them suitable for in-cell measurements. [19] [20] [21] The analysis of DEER data for a pair of S=1/2 spins, such as nitroxide spin labels, is well-established, and different software packages are available for extracting distance distributions. 22, 23 It has been shown that DEER measurements with pairs of Gd 3+ ions can be analyzed using the same software packages, as if Gd 3+ had a spin S=1/2. 1 There are, however, a few caveats that have to be taken into account when carrying out such an analysis. A recent study on a series of rigid molecular rulers with Gd 3+ -Gd 3+ distances in the range of 2.1-8.5 nm showed that, for distances below 3 nm, the data analysis procedure leads to artificial broadening of the distance distribution due to the underlying assumption that the electron-electron dipolar interaction can be described by the weak coupling approximation as in the case of a pair of nitroxides. 14 The problem arises from ignoring the pseudo-secular terms of the dipolar Hamiltonian 5,14 , as briefly summarized below.
The spin Hamiltonian of a pair of Gd 3+ electron spins is given by: (1) ℋ " = ∑ ( ',) )*+,,
where ',) is the Larmor frequency, is the zero field splitting (ZFS) tensor of each of the electrons, and is the electron-electron dipole interaction tensor. In the principal axis of , the ZFS is represented by the parameters ) = 8 , //,) and ) = + , ( ::,) − <<,) ). Due to the large Zeeman energy at high fields, truncation of both the ZFS and the dipolar parts of the Hamiltonian is justified. As we are working at a relatively high field and the ZFS of the Gd 3+ complex is, in general, small (usually below 40 mT), 24 only the first order terms of the ZFS are considered for all transitions, while a second order contribution is added for the |-1/2>→|1/2> transition. 14 For the dipolar interaction only the secular and pseudo-secular terms need to be taken into account. They are given by (2) ℋ where is the dipolar coupling frequency for an electron-electron distance of r12, and qd is the angle between the principal axis of the dipolar interaction, defined by the vector connecting the two Gd 3+ ions, and the external magnetic field. Usually, DEER experiments are carried out under conditions of weak coupling, that is when the frequency separation between the resonances of the two coupled spins, Dω= |ωe,1 -ωe,2|, is larger than the dipolar splitting, ωdip. When carrying out DEER measurements on nitroxides, Dν=Dω/2π is determined by the difference between the pump and observe pulses, and is usually set to 65 MHz. For pairs separated by ~2 nm, ωdip is about 6.5 MHz, which is an order of magnitude less than Dω and the weak coupling approximation holds. 25 Under typical Gd 3+ -Gd 3+ DEER conditions, the pump pulse is positioned at the peak of the Gd 3+ spectrum, which predominantly arises from the central |-1/2>→|1/2> transition, and the detection pulses are positioned 90-100 MHz away, such that the main contribution to the detected signal is from the |-3/2> →|-1/2> transition. It has been shown that, under these conditions, the Pake pattern obtained from the Fourier transform (FT) of the DEER trace is distorted for short distances (2-3 nm). 1, 14 Simulations indicate that the distortions are a result of contributions from pseudo-secular terms of the dipolar Hamiltonian (see eq. 2). 3, 14, 26 The central transitions of the two dipolar interacting spins are separated due to differences in the ZFS D value (because of the large distribution of D values) or different orientations with respect to the magnetic field, resulting in different contributions of the second order ZFS. When this separation is small, the weak coupling approximation no longer applies and the pseudo-secular terms leads to a shift of the |-1/2> and |1/2> levels of the two spins. The contributions of the pseudo-secular terms was addressed for the case of a S=1/2 pair. Under strong coupling conditions it has been shown analytically that for the spin 1/2 case the Pake pattern is broadened by a factor of 3/2. 27, 28 As this factor depends on the spin of the system it will be larger for a pair of 7/2 spins and therefore changing the requirements for meeting the weak-coupling approximation, namely a larger Dω would be required. This was addressed in the supplementary information of ref. 5 However, this approach does not take into the ZFS interaction explicitly, as ! µ w = described in our recent publication, where we showed that weak coupling condition is more easily met when the ZFS is large 14 . In this work we have performed numerical calculations which take into account the high spin as well as the fact that part of the dipolar coupled pairs are not weakly couple or strongly coupled but in an intermediate condition depending on their D value and orientation with respect to the external magnetic field.
It should be emphasized that in cases of a small ZFS where the central transition of the observed spins is definitely not detected because the detection frequency is separated from the pump frequency by at least 100 MHz. Nonetheless, observation of the |-3/2> →|-1/2> transition will also be affected by the overlap of the central transitions of the two spins as it shares a common level with the |-1/2> level. As a consequence, data analysis with the commonly used DeerAnalysis software, 23 which is based on the weak coupling approximation, yields distance distributions that are artificially broadened and include spurious peaks to fit the distorted Pake pattern. The theory also predicts that these undesirable effects increase with decreasing distance and D value and will not be significant when detecting the higher ms transitions.
In this work, we further explore the effects of the pseudo-secular terms on Gd 3+ -Gd 3+ DEER using a specifically designed ruler molecule and propose experimental approaches to minimize their contributions and thus avoid artificial broadening. This is particularly important for Gd 3+ spin labels with a small ZFS and, consequently, a narrow central transition. Notably, such spin labels are very attractive for DEER measurements because of their high EPR sensitivity. For example, compound 7 (Scheme 1) is a rigid bis-Gd 3+ -DOTA model with a Gd 3+ -Gd 3+ distance of 2.35 nm and a very narrow central transition (~ 1.6 mT) in the EPR spectrum. We show that, using the standard DEER measurement conditions with Dn=100 MHz, the DEER modulations are damped and the Pake pattern is highly distorted, much more than that observed earlier for a PyMTA chelate with a Gd 3+ -Gd 3+ distance of 2.1 nm but with a larger ZFS. 14 With the aid of a dual mode cavity, we also show that by increasing the frequency separation, Dn, of the detection frequency from the central transition from 100 MHz to 1.09 GHz, the distortions are reduced, the Pake doublet is recovered, and the distance of 2.35 nm is clearly extracted. The increase in Dn results in an increase in the contribution of the |-5/2> → |-3/2> and |-7/2> → |-5/2> transitions to the signal at the expense of the |-3/2 >→ |-1/2> transition. The results show a gradual recovery of the non-distorted Pake pattern with increasing shift of the detection frequency, confirming the origin of the distortions. Finally, we demonstrate this approach on the A93C/N140C mutant of T4 lysozyme labeled with two different Gd 3+ tags that have D values of 450 and 800 MHz and show that for a distance of 4 nm there is still a significant (about two-fold) broadening under standard conditions, which is removed by increasing Dn to about 636 or 898 MHz, respectively.
Experimental

Spectroscopic details
The dual mode cavity
The dual mode cavity was built according to the design of Tkach et al., 29 adapted to the different configuration of our magnet, which has a vertical bore as opposed to the horizontal bore of the magnet used by Tkach et al. 29 The resonator consists of a cylindrical cavity with an inner diameter of 4.2 mm Figure 1 shows the internal and external design of the resonator, the golden disk on the mica plate, and a photograph of the cavity.
To obtain a wide range of frequency differences between both MW modes, several gold-plated disks of different sizes were used with diameters varying from 2.7-3.1 mm and a uniform thickness of 0.1 mm.
A maximal Δν =1.09 GHz was achieved with the 2.7 mm disk. The resonator was attached to a probe head that fits into the liquid He cryostat of our home-made W-band spectrometer. 30, 31 Figure 2 shows the tuning profile of the MW modes of the dual cavity. The frequency difference between the modes is determined by the size of the disk and the position of the lateral slabs in the cavity. A disk of 3.1 mm diameter was used for a frequency difference of 300 MHz, whereas a 2.7 mm diameter disk had to be used for a frequency difference of 900 MHz and above. 
The pulse EPR measurements
All EPR measurements were performed at W-band at 10 K on a home-built spectrometer 30, 31 . The echo-detected EPR (ED-EPR) spectrum was recorded using the pulse sequence π/2 → τ → π → τ → echo while sweeping the magnetic field from 3300 to 3510 mT. The pulses lengths were 20 ns for the π/2 pulse and 40 ns for the π pulse, optimized at the frequency (94.83 GHz) and the magnetic field corresponding the maximum of the EPR spectrum (3405.4 mT), and the duration of τ was 800 ns.
The DEER experiments were performed using the four-pulse sequence π/2 → τ → π → τ + t1 → π → t1 → echo at the observe frequency and a π pulse at the pump frequency, which was applied at time t after the first π pulse. 32 The echo intensity was measured as a function of t, which ranged from -225 ns to t1-500 ns with t=0 coinciding with the time t after the first observe π pulse. In all experiments, the pump frequency was set at the maximum of the Gd 3+ ED-EPR spectrum, while that of the observe pulses were set at a higher frequency i.e. at the low field side of the spectrum. For the bis-Gd 3+ -DOTA model (compound 7 of Scheme 1), an additional DEER measurement was performed at Ka-band using a specially designed dielectric cavity (see the SI for experimental details). The experimental parameters for each DEER experiment on the model compound are summarized in Table 1 . Table 2 lists the parameters of the DEER experiment for the A93C/N140C mutants of T4 lysozyme labeled with C1-Gd 3+ and C9-Gd 3+ tags ( Fig. 3 ) for the dual cavity as well as for a single mode cavity setup. Because of the limited bandwidth of the 95 GHz spectrometer, the low-frequency dip was set to 94.4 MHz and the field was adjusted to position the maximum of the EPR signal at this frequency. This frequency was used for the pump pulse. The second dip at the higher frequency was used for the observe pulses. mmol) in water (2.5 mL) was added, followed by ethanol (5 mL). The N2 bubbling was continued for 15 min and then Pd (0) (PPh3)4 (67 mg, 0.058 mmol) was added. The mixture was stirred at reflux under N2 for 24 h. The mixture was then cooled to room temperature and diluted with saturated aq. NH4Cl (14 mL) and CH2Cl2 (14 mL). The organic phase was separated and the aqueous phase was extracted with CH2Cl2 (2 x 14 mL). The organic extracts were combined and washed with water (14 mL) followed by saturated NaHCO3 (14 mL pH of the mixture was adjusted to 7 with NaHCO3 and the mixture was stirred for 2 days at room temperature. During that time, the pH was checked and adjusted to 7 with NaHCO3 several times. The solvents were then evaporated to dryness at reduced pressure. The residue was re-suspended in water (4 mL) and acetone (40 mL) was added. The mixture was left overnight in the freezer and the precipitate was collected by centrifugation. The solid was re-dissolved in water (2 mL) and acetone (20 mL) was added. The mixture was left in the freezer for 2 h and the precipitate was collected by centrifugation.
The pellet was dried under vacuum affording compound 7 as a beige solid (55 mg, 62% in two steps). Wild-type T4 lysozyme contains cysteine residues at positions 54 and 97. The mutant referred to in the present work as A93C/N140C contained the additional mutations C54T and C97A, which have previously been shown to not affect the structure and function of T4 lysozyme 18 . Samples of T4 lysozyme A93C/N140C labeled with C1 and C9 tags ( Fig. 3) were prepared as described earlier. 18 Fig. 3 Structures of the Gd 3+ tags and the reaction scheme used to label the A93C/N140C mutant of T4 lysozyme. Each complex carries a 3+ charge (not shown).
Computational details
Structure optimizations were carried out using Gaussian09 Revision C.01. 33 The Pedrew-Burke-Ernzerhof (PBE) functional 34 including the second version of Grimme's empirical dispersion correction 35 was used in conjunction with the Huzinaga-Dunning double-z basis set 36 
Results
The bis-Gd 3+ -DOTA model, compound 7 did not improve the fit. 24 Higher order terms could be used to improve the fit as found for example in 64, 65 , however this is out of the scope of this work. The simulations neglected possible contributions to the linewidth due to the Gd 3+ -Gd 3+ dipolar interaction. For this short distance and small expected ZFS, the dipolar interaction should contribute to the width of the central transition 4 and therefore the D value obtained may be slightly overestimated. The DEER results are shown in Figure 5 and the primary data are shown in Fig. S1 . In all the measurements the pump pulse was set to the maximum of the central transition, while the observe pulse was shifted away (∆ν) stepwise in the range of 106 MHz to 1.09 GHz. An enlargement of the simulations presented in Fig. 4c clearly shows that the contribution of the |-3/2>→|-1/2> transition to the observed echo decreases with increasing Dn. For Dn=106 MHz, the modulations are damped and the distance distribution derived from this DEER trace has a width of 2 nm centered at ~2.4 nm. This is in clear disagreement with the rigid structure of the molecule obtained from DFT calculations discussed below. The modulations slowly recover with increasing Dn, leading to narrower distance distributions. At Dn=1.09 GHz, the modulations are very clear and the distance distribution shows a single major peak at a distance of 2.35 nm with a width of 0.25 nm at half-height. For Dn=469 MHz, the distance distribution already gives the correct distance, but the width is still overestimated by more than two-folds. Measurements performed at Ka-band on a dielectric cavity with Dn=728 MHz also showed the expected distance distribution (Fig. S2 ). In the analysis we did not consider the possibility of the presence of an exchange interaction because we have recently shown that for Gd(III)DOTA and Gd(III)PyMTA 66 there is practically no spin densities on the ligands. Moreover, the series of rulers measured recently 14 showed a very good agreement between the expected and the measured distance, even though the linker was highly conjugated. Finally the agreement between the measured distance and the DFT predicted distance supports this (see below). The Fourier transforms of the DEER time domain traces are shown in Fig. 6 . For Dn=106 MHz the spectrum has a broad singlet with some shoulders, very different from the expected Pake pattern. As Dn increases, the spectrum starts to reveal the perpendicular singularities of the Pake pattern with ωdip/2π=3.8 MHz. At Dn=1.09 GHz, the spectrum fully resembles the expected Pake pattern. All spectra show a small doublet with ωdip/2π=1. 65 MHz, which we attribute to an additional longer distance (3.2 nm) possibly due to some impurity. To reproduce the general trends of the dipolar spectra shown in Fig. 6 , we used a simple model assuming that the spectra are a superposition of three contributions. One is a Pake doublet corresponding to a distance of 2.35 nm. This contribution is expected when the pseudo-secular terms can be neglected; namely when the contributions of the higher ms transitions |±7/2>«|±5/2> and |±5/2>«|±3/2> to the observed echo are dominant and when the larger D values within the distribution contribute to the |±3/2>«|±1/2> transition. The second contribution to the spectrum arises from observation of the |±3/2>«|±1/2> transition, where we expect distortions due to the pseudo-secular term of the dipolar interaction. These distorted spectra were calculated by an approximation described in a previous publication 14 using a Gaussian distribution for D with a mean of 500 MHz and a full width at half maximum (FWHM) of 300 MHz (neglecting the contribution of E). The third contribution is an additional Pake doublet to account for the small splitting arising from the impurity. The three spectra (with the areas of each normalized to 1) were summed with different relative contributions to reproduce the experimental spectra shown in Fig. 6 . Table 3 lists the relative contributions of the different components to the different measurements. The calculated spectra reproduce the general trends of the experimental spectra and the fit of the individual spectra is reasonable considering the simplicity of the model. In general, the trend in Table 3 follows expectations in that the contribution of the pseudo-secular dipolar interaction decreases as the detection is shifted towards the higher ms transitions. However, the contributions listed in Table 3 are not compatible with the relative contributions used for simulation of the EPR spectrum (Fig. 4) . This is because the contributions of the "distorted" spectrum depend not only on the relative contributions of This series thus shows that, for Dn=106 MHz, which is the commonly used value for standard singlemode cavities, and a very narrow central EPR line ( D = 500 MHz), the effects of the pseudo-secular terms are considerably larger than for previously reported Gd-PyMTA complexes, for which D=1150
EPR and DEER measurements
MHz. If one, therefore, uses a Gd 3+ tag based on DOTA to improve sensitivity, it is advisable to set the observe pulse at least 500 MHz from the pump pulse frequency in DEER measurements of short (< 3 nm) distances. Because of the small D value, the signal is sufficiently large to allow such DEER measurements with reasonable signal-to-noise ratio (SNR). These arguments equally hold for the situation where the observe frequency is set to the central transition and the pump pulse is on the other transitions.
DFT Calculations.
Compound 7 is not a completely rigid molecule and rotations are possible around the bonds between the amide nitrogens and the terminal phenyl rings of the spacer group (Scheme 2). An ensemble of different rotamers would broaden the width of the distance distribution. To account for this and to predict the Gd 3+ -Gd 3+ distance distribution, we carried out DFT geometry optimizations (see Computational Methods for details). To facilitate the calculations, we replaced the open shell Gd 3+ ion by the closed shell La 3+ and searched for the minimum energy conformer of the La 3+ analogue of 7
(Scheme 2). The lanthanides are known to have similar coordination properties and the use of La 3+ provides a useful diamagnetic system. A relaxed scan around the C(5')-C(4')-C(1'')-C(2'') (see Scheme S1) dihedral angle was performed at the PBE/SDD level of theory for the N,N'-(2',3''dimethyl-[1,1':4',1'':4'',1'''-quaterphenyl]-4,4'''-diyl)diacetamide linker without the La 3+ complex (Scheme S1). The energy profile (Fig. S2) has four maxima and four minima. The energy barriers of the rotation are low, suggesting free rotation around the C(4')-C(1'') bond. This was taken into account in the calculation of the distance distribution.
In the next step, several isomers of the DO3A-La 3+ complex were identified ( Fig. S4 and Table S1 ).
Generally, Ln 3+ cations have a coordination number of eight or nine. 67 A coordination number of eight has been observed by X-ray crystallography for the DOTA-La 3+ complex, 68 but higher coordination numbers (n = 9, 10) have been observed by mass spectrometry, although a complementary DFT study suggested, however, that the nineth and tenth ligands are located in the second solvation sphere. 69 Compound 7 offers eight coordination sites for each Ln 3+ ion. The final model of the quaterphyl-4,4'diamine-bis DOTA-La 3+ complex was built by linking two units of the most stable isomer of DO3A-La 3+ ( see Fig. S5 and Table S1 ). The model was optimized and followed by rigid scans of the rotations around the C(1)-C(2)-N(7)-C(8) and C(3''')-C(4''')-N(11)-C(12) dihedral angles (red arrows in Scheme 2). Figure 7 shows the dependence of relative energy on the La1···La2 distance. The lowest energy belongs to a complex with a La1···La2 distance of 2.33 nm (Fig. 8) , which is in excellent agreement with the experimental results. The highest calculated energy of 8.5 kcal·mol -1 is easily accessible at room temperature, which is supported by the Boltzmann distribution of the rotational conformers (Fig. 8) .
The predicted distance distribution is narrow (<0.05 nm). Experimentally we observed a width of 0.25 nm when using Δn=1.09 GHz. 
T4 lysozyme
To estimate the extent of broadening expected in distance distributions measured in proteins, we conjugated the C1 and C9 Gd 3+ tags (Fig. 3) to the A93C/N140C mutant of T4 lysozyme and carried out DEER measurements with the standard single-mode cavity using Dn=100 MHz and with the dualmode cavity using a very large Dn ( Table 2 ). Both tags feature a narrow EPR spectrum 70 as shown in Fig. 9 , with the C1 tag having a somewhat narrower spectrum. Simulations yield D=450 MHz for the C1 tag and D=800 MHz for the C9 tag (Fig. S6) . The DEER results are shown in Fig. 10 . The Gd 3+ -Gd 3+ distances for both tags are around 4 nm. For the measurements with Dn = 100 MHz, the distance distributions clearly contain artificial broadening due to disregarding the pseudo-secular terms in the analysis. For the large Dn, the damping of the modulations is reduced and the distance distribution narrows considerably for both tags, and the maxima of the distance distribution shift slightly to longer distances. Comparison with the calculated distance distributions based on the crystal structure of the T4 lysozyme and taking into account all rotamers of C1 and C9 that avoid steric clashes with the protein, gives a very good agreement with the distance distributions derived from the DEER measurements with the large Dn values. 70 This indicates that the artificial broadening has been removed. 
Discussion
One of the virtues of Gd 3+ -Gd 3+ distance measurements using DEER is the high sensitivity that can be obtained at Q-and W-band spectrometer frequencies due to the narrow width of the central transition in the EPR spectra of Gd 3+ complexes. W-band DEER has been shown to be superior to Q-band measurements 12 mainly because of the narrower central transition, which is proportional to D 2 /n0, where n0 is the spectrometer frequency. However, sensitivity is not the only factor to be considered when evaluating the efficiency of DEER measurements as the data analysis plays as important a role and should be as simple as for a pair of nitroxide spin labels at X-and Q-band frequencies. For Q-band orientation selection can be ignored under standard experimental conditions and therefore the extraction of the distance distribution from the DEER data is rather straightforward. At W-band, orientation selection can be neglected for Gd 3+ -Gd 3+ DEER measurements but not for nitroxides. [70] [71] [72] [73] Therefore, distance distributions are easy to extract from W-band Gd 3+ -Gd 3+ DEER measurements. For Gd 3+ -Gd 3+ DEER to become a routine tool for the measurements of distance distributions, one would like to employ the same data analysis approach that is used for a pair of S=1/2 spins under the weak coupling condition, using DeerAnalysis 23 or similar software. 22 Experimental and theoretical results
show, however, that, depending on the ZFS value and the Gd 3+ -Gd 3+ distance, the weak coupling approximation may not fully apply for a pair of S=7/2 spins, in which case the traditional analysis results in artificial broadening of the extracted distance distribution. 14 For a highly distributed D value centered at 1150 MHz, significant broadening appears for distances below 3.4 nm and the broadening increases for shorter distances. Since DEER is usually applied to biological macromolecules and the Gd 3+ tags used so far exhibit some intrinsic flexibility, the additional broadening arising from ignoring the dipolar pseudo-secular terms in the data analysis has been assumed to be masked by the contribution from tag flexibility and internal flexibility of the system studied. 11, 15, 74 This may be true for Gd 3+ tags with relatively large ZFS (>1000 MHz). For Gd 3+ tags with a small ZFS, however, which are particularly attractive due to the sensitivity they can impart, the contribution of the pseudo-secular terms is expected to grow and the artificial broadening cannot be overlooked. It is particularly relevant, when not only the maximum of the distance distribution but also its width is to be interpreted in structural terms. For example, DEER measurements can conceivably report on protein conformational equilibria. 75 Relatively rigid tags such as the C9 tag would be best suited for such applications. 18 The contribution of the pseudo-secular terms of the dipolar interaction is, in principle, also relevant for Mn 2+ -Mn 2+ (S=5/2) distance measurements, although the effect has been found to be negligible for a peptide labeled with the maleimide DOTA-Mn 2+ complex, which has a rather flexible tether. 26 In the present work, we demonstrated that the artificial broadening observed for Gd 3+ spin labels featuring small D values in the range of 450-800 MHz is indeed significant also for a Gd 3+ -Gd 3+ distance of 4 nm (Fig. 10 ). This broadening can be avoided by choosing a sufficiently large frequency difference between the pump and observe pulses such that the contributions of the |±3/2>«|±1/2> transitions are minimized. We set the pump pulse to the central transition and the observe pulse to the broad background arising from the other transitions and used a dual-mode cavity to allow for large Dn values. In principle, the frequencies of the observe and pump pulses can be swapped, yielding a lower modulation depth but a higher echo intensity and probably also a better SNR for the DEER trace. 12, 14 Use of a large Dn value reduced the sensitivity of the experiment for two reasons. First, the quality factor (Q) of the dual cavity was not optimal; this is a technical issue and, therefore, not discussed further here. The second reason is a consequence of the echo intensity at the position of the observe frequency, which depends on D and, therefore, on the total spectral width, the temperature and the phase memory time. The latter was reported to be transition dependent, decreasing with |mS|. 76 This dependence can be eliminated by observing the central transition. Increasing the temperature would lower the phase memory time 76 but increase the intensity of the central transition. Therefore, we continue to consider the optimal temperature to be around 10 K. The ED-EPR spectra shown in Fig. 9 suggest that the observed echo measured with Dn=900 MHz was reduced by 43% for the C1 tag and by 50% for the C9 tag compared to measurements using Dn=100 MHz. In practice, the loss is partially compensated by the lesser echo reduction effect due to the pump pulse 77 afforded by the larger frequency separation; 78 however, we estimate the echo reduction effect in our setup to be rather small (at most 20%). In principle, the loss due to reduced EPR intensity far away from the central transition can be further compensated by optimizing the dual cavity to have a high Q at the observe dip, which would enhance the observed signal compared to measurements with a single-mode cavity, where one would place the observe pulses away from the center of the cavity resonance profile.
When a dual mode cavity or an ultra-broad bandwidth cavity 72, 79 is not available, it is advisable to use two types of Gd 3+ tags, one for short distances and another for long distances. For the short distance range (2.5-5 nm), a tag with a large D value, like PyMTA or the C3-tag 17,88 could be used. The C3-tag was developed for conjugation to the unnatural amino acid p-azido-phenylalanine as opposed to a cysteine residue. It produces distance distributions with maxima that can be predicted with remarkable accuracy. 17 For such tags we still expect some artificial broadening for distances shorter than 3.4 nm.
For distances above 5 nm SNR is crucial and a DOTA derivative like the C1 or the C9-tag should be used. The approach of using two different tags may be more demanding in terms of sample preparation, but may be acceptable as the sample amounts needed are very small (2-3 µL or 0.05-0.1 mM protein per sample). It has been shown that the C9 tag does not exhibit any artificial broadening for a Gd 3+ -Gd 3+ distance of 6 nm with the usual setting of Dn=100 MHz. 18 This approach, similar to the use of a large Dn value, will compromise SNR due to the larger EPR linewidth of the tag used for the short distances. In contrast to the C9-tag, many tags such as maleimide-DOTA and MTS-DOTA 3,11,20 feature narrow EPR lines but are rather flexible, giving inherently broadened distance distributions, which will in any case be difficult to analyze in terms of protein and tag flexibility. In the future, it will be useful to tabulate the extent of artificial broadening expected in the distance distributions for particular Gd 3+ - Recently, the relaxation-induced dipolar modulation enhancement (RIDME) experiment, which also measures electron-electron dipolar interactions, has been reported to be highly effective for W-band Gd 3+ -Gd 3+ distance measurements because it generates greater modulation depths than DEER. 81 In this experiment, potentially all spin pairs in the system contribute to the dipolar modulation and not only those affected by the pulse pump as in the DEER experiment. In this situation, the contributions from the |±3/2>«|±1/2> transitions should no longer be dominant and one would expect less broadening than with DEER. The caveat here is the presence of harmonics of the fundamental dipolar frequency (and therefore multiple distances) due to the presence of multi-quantum relaxation pathways, which makes it hard to analyze broad distance distributions. Finally, the use of chirp pulses optimized for selecting transitions other than the |±3/2>«|±1/2> transitions may also reduce the artificial broadening. 82
Conclusions
Using a specifically designed bis-Gd 3+ model compound with a small ZFS and short Gd 3+ -Gd 3+ distance, we have demonstrated experimentally that ignoring dipolar pseudo-secular terms in the analysis of DEER traces introduces extensive broadening in the distance distribution for a Gd 3+ -Gd 3+ distance of 2.35 nm. These artifacts can be reduced by increasing the frequency separation between the observe and pump pulse to reduce the contributions of the |±3/2>«|±1/2 > transitions to the observed echo. For a sufficiently large Dn value, 1.09 GHz in this particular case, the undistorted dipolar Pake pattern is recovered and the true distance is extracted, as substantiated by DFT calculations. This was further demonstrated by a practical application using a double mutant of T4 lysozyme labeled with the C1 and C9 Gd 3+ -tags that exhibit narrow central transitions and D values in the range of 450-800 MHz.
